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INTRODUCTION
There has been considerable interest in the role of glutamatergic neurotransmission in the pathophysiology of schizophrenia (Moghaddam and Javitt, 2012) . It is proposed N-methyl-Daspartate receptor (NMDAR) hypofunction leads to excess cortical glutamate release (Lisman et al., 2008; Olney et al., 1999) with downstream effects on dopamine and other neurotransmitter systems (Howes et al., 2015; Stone et al., 2007) . Determining the nature of glutamatergic abnormalities in schizophrenia may prove useful in understanding symptomatology and further developing novel treatment strategies (Stone, 2011) .
Glutamatergic abnormalities are not specific to schizophrenia however, and there has been particular interest in this system with respect to the pathophysiology (Sanacora et al., 2012) and treatment of mood disorders (Zarate et al., 2010) .
Proton magnetic resonance spectroscopy ( 1 H-MRS) has been central to the investigation of glutamatergic dysfunction in schizophrenia, revealing abnormal levels of glutamate and its metabolite glutamine across various cortical and subcortical brain regions in patients compared with controls (Marsman et al., 2013; Merritt et al., 2016) . Alterations in medial prefrontal glutamate levels have also been reported in mood disorders with reduced levels generally reported in major depressive disorder (MDD) (Yuksel and Ongur, 2010) . In patients with bipolar affective disorder, it has been suggested that medial prefrontal glutamate levels may be elevated, although this finding has not been consistently seen (Jun et al., 2014; Taylor, 2014; Yuksel and Ongur, 2010 (Duarte et al., 2012) and may give a closer estimate of glutamatergic neurotransmission than standard magnetic resonance spectroscopy (Jelen et al., 2018; Mullins, 2018) . 1 H-fMRS studies have demonstrated increases in glutamatergic measures in the occipital cortex following visual stimulation (Bednarik et al., 2015; Ip et al., 2017; Lin et al., 2012; Mangia et al., 2007; Prichard et al., 1991; Schaller et al., 2013) , the motor cortex using a finger-tapping (Schaller et al., 2014) and hand-clenching paradigm (Chen et al., 2017) , and the anterior cingulate cortex (ACC) using painful stimuli (Cleve et al., 2015; Mullins et al., 2005) in healthy controls. This technique has been further applied in healthy controls to demonstrate increases in glutamate in the dorsolateral prefrontal cortex (dlPFC), during a working memory task , and the ACC using the Stroop Task as a cognitive paradigm (Kuhn et al., 2016; Taylor et al., 2015b) . Taylor et al. (2015a) undertook a subsequent 1 H-fMRS study of the ACC using the Stroop task in patients with schizophrenia
and MDD compared with healthy volunteers. While the healthy control group again showed significant increases in glutamate concentrations during the Stroop Task, this was not seen in the schizophrenia or MDD group.
The purpose of this study was to examine dynamic glutamatergic levels in the ACC during performance of the N-back task in patients with schizophrenia and bipolar II disorder (BPII), compared with healthy controls, using 1 H-fMRS at 3-Tesla. The N-back task is a working memory task with variable levels of complexity, allowing the investigation of different degrees of cognitive load and has been shown to robustly activate the ACC, dysfunction of which is consistently implicated in schizophrenia (Adams and David, 2007) and bipolar disorder (Maletic and Raison, 2014 Access to Psychological Therapies services. 14 healthy controls were recruited from local and online advertisements.
All participants were right handed and aged between 22 and 57 years old. Volunteers with major medical illnesses, other psychiatric disorders, magnetic resonance imaging (MRI)
contraindications or current substance abuse were excluded from the study. Healthy volunteers with a family history of psychiatric disorder in a first degree relative were also excluded.
Diagnosis was established by a psychiatrist and trained research assistant with the Mini International Neuropsychiatric Interview (MINI) (Sheehan et al., 1998) . All participants were assessed with the Scale for the Assessment of Positive/Negative Symptoms (SAPS/SANS) (Andreasen, 1984a, b) , Montgomery-Asberg Depression Rating Scale (MADRS) (Montgomery and Asberg, 1979) and Young Mania Rating Scale (YMRS) (Young et al., 1978) . Thirteen schizophrenia patients were receiving regular antipsychotic medication (four taking olanzapine; three taking risperidone; two taking aripiprazole; three taking clozapine; one taking haloperidol) and two were not currently medicated. Five BPII patients were receiving antidepressants (three taking citalopram; one taking sertraline; one taking fluoxetine) and the remaining ten were not taking psychotropic medication. The healthy controls were medication-naïve. Demographic information including age, sex and clinical rating scores are shown in Table 1 .
N-back task paradigm
Participants performed the N-back task for 15-min while 1 H-fMRS spectra were acquired (Figure 1 ). This consisted of 18 blocks lasting 48s each, rotating through alternating conditions (0-back, 1-back, 2-back, 3-back i.e., n= 0, 1, 2 or 3). As sequential letters were presented individually, subjects were asked to respond "Yes" as quickly and accurately as possible on a two-button keypad, each time a new letter was presented that was the same as one presented "n" items before. For the 0-back condition this involved correctly identifying the letter "X" whenever it was displayed. Both accuracy and response times were recorded for analysis.
H-fMRS data acquisition and analysis
All measurements were acquired on a GE Discovery MR750 3.0T scanner with a bodytransmit coil and 12-channel Head/Neck/Spine receiver coil. 1 H-fMRS voxels were 3×2×2cm sequence was used to commence the N-back task and send a trigger pulse at the start of every TR. Shimming was optimized with an auto-prescan performed twice before each scan.
For each participant 16 water-unsuppressed and 432 water-suppressed spectra were collected; 3 spectra (each an average of an eight-step phase cycle) acquired every 48s during each of the 18 blocks of N-back task.
Spectral analysis was performed using the TARQUIN software package, version 4.3.6 (Wilson et al., 2011) . The TARQUIN algorithm performed a fully automated fit to the data using a predefined basis set comprising of the following components: alanine; aspartate; creatine (Cr); gamma-aminobutyric acid; glucose; glutamine; glutathione; glutamate (Glu);
glycerophosphorylcholine; myo-inositol; lactate; lipid peaks at 0.9, 1.3a, 1.3b, and 2.0 ppm; macromolecules at 0.9, 1.2, 1.4, and 2.0 ppm; N-acetyl-aspartate (NAA); N-acetylaspartateglutamate ; phosphorylcholine; phosphocreatine (PCr); scyllo-inositol; and taurine.
Spectra acquired from the 0-back and 2-back task conditions (8 blocks of each) were averaged together and measures of Glu and Glx (Glu+ glutamine), scaled to total creatine (TCr -Cr + PCr), were recorded allowing the mean differences in concentrations between task conditions to be calculated. Additionally, averaged measures of the first, second and third spectra from each of the cumulative 0-back and 2-back conditions were recorded to investigate metabolite level changes across blocks. The 1-back and 3-back conditions (1 block each) were not analysed as these were included purely as a distractor between the 0-back and 2-back conditions. Several 1 H-fMRS studies have reported line width reductions in spectral measures as might be expected due to a decrease in local field homogeneity that accompanies the BOLD effect (Bednarik et al., 2015; Mangia et al., 2007) . This effect can be addressed by referencing to another peak that may have experienced the same effect (Lally et al., 2014) , which was achieved through the use of TCr scaling in this study. We excluded any metabolite measures with a Cramer-Rao minimum variance bounds (CRMVB) of greater than 20%, a signal-tonoise ratio (SNR) >5, a full-width half-maximum (FWHM) of <0.50 ppm or fit quality (Q) of <2.5. One participant in the schizophrenia group had a gold tooth causing interference and poor spectral quality so was excluded from all analyses.
To explore relative 1 H-fMRS voxel tissue composition, the structural images were segmented into grey matter, white matter and cerebrospinal fluid (CSF) using Statistical
Parametric Mapping 8 (SPM8; Wellcome Department of Imaging Neurosciences, University
College London, United Kingdom) with the coordinates of each voxel were mapped onto the segmented structural image using in-house software.
Statistics
All statistical analyses were performed with SPSS version 22.0 (SPSS, Chicago, Illinois) using two-tailed tests. Shapiro-Wilk tests were used to ensure assumptions of normality. A priori hypotheses were evaluated using paired t-tests to compare mean metabolite changes for the three groups, together with all participants combined, between the total averaged 0-back and 2-back task conditions. To accommodate for multiple comparisons, a Bonferronicorrection was applied (alpha=0.05/4). A 6x3 repeated-measures analysis of variance design (rmANOVA) (alpha=0.05) using glutamatergic measures across the first, second and third spectra from each of the cumulative 0-back and 2-back conditions was used to determine significant variations over time and across the three groups.
In addition, several post-hoc analyses were performed. Bonferroni-corrected pairwise comparisons of glutamatergic measures between each time point were used to determine between which time points any significant changes occurred in the rmANOVA. Further paired t-tests were used to compare mean metabolite changes for each group between those time points where such significant changes occurred (alpha=0.05/4). An exploratory 2x2 rmANOVA was performed (alpha=0.05), comparing glutamatergic measures at the beginning and end of the 0-back condition in the healthy control versus schizophrenia group. To confirm any changes detected in glutamate or Glx corrected for TCr, separate analyses were carried out using correction for total N-acetylaspartate (TNAA). Finally,
Pearson correlation coefficients were used to examine any relationship between changes in Glu/TCr or Glx/TCr levels between 0-back and 2-back conditions and 1) age, 2) change in response accuracy, 3) change in response times and 4) clinical rating scores for each group (uncorrected, alpha=0.05).
RESULTS

Metabolite Level Differences
Concentrations of Glu/TCr and Glx/TCr in the total averaged 0-back and 2-back conditions
were not found to be significantly different in any of the separate or combined groups ( Table 2 ). The 6x3 rmANOVA (alpha=0.05) yielded a significant main effect of time for
Glx/TCr (P=0.022) but not for Glu/TCr (P=0.673). There were no significant time by group interactions for Glu/TCr (P=0.296) or Glx/TCr (P=0.610) and no significant main effects of group for either Glu/TCr (P=0.689) or Glx/TCr (P=0.919). Post-hoc tests using the Bonferroni correction revealed Glx/TCr levels significantly increased (P=0.038) between the end of the 0-back condition (averaged third spectra of 0-back) and the beginning of the 2-back condition (averaged first spectra of 2-back). Further analyses revealed a significant increase in both Glu/TCr (P=0.004) and Glx/TCr (P<0.001) in the healthy control group between these two time points. The individual schizophrenia and BPII groups did not show any significant changes in Glu/TCr or Glx/TCr for this comparison. Averaged time courses of Glx/TCr levels for the first, second and third spectra across the 0-back and 2-back conditions are shown in The post-hoc analyses using correction with TNAA mirrored the main findings obtained for correction with TCr. 6x3 rmANOVA revealed a significant main effect of time for Glx/TNAA (P=0.039) but not Glu/TNAA (P=0.413). Concentrations of Glu/TNAA and Glx/TNAA in the total averaged 0-back and 2-back conditions were not significantly different in any of the separate or combined groups. For all groups combined there was a significant increase in Glx/TNAA (P=0.008), but not Glu/TNAA (P=0.105), between the averaged third spectra of 0-back and averaged first spectra of 2-back. A significant increase in Glu/TNAA (P=0.005) and Glx/TNAA (P=0.006), was seen between these two time points in the healthy control group but not in the individual schizophrenia and BPII groups.
Tissue Segmentation
The mean 1 H-fMRS voxel tissue composition proportions are shown in Table 3 according to participant group. There was a significant difference in grey matter proportion between groups as determined by one-way ANOVA (F(2,40)= 5.488, P=0.008). The schizophrenia groups had a significantly lower mean grey matter proportion compared with the healthy control group (P=0.006) but not the BPII group. There was no significant difference in grey matter proportion between the healthy control and BPII groups. In terms of CSF and white matter proportions there were no significant differences between the groups.
Task Performance
The mean accuracy and response times for the 0-back and 2-back conditions are shown in Table 4 . In terms of accuracy, there was a significant difference between groups as determined by one-way ANOVA for the 0-back (F(2,40)= 8.313, P<0.001) and 2-back conditions (F(2,40)= 7.897, P=0.001). The schizophrenia group had significantly lower mean response accuracy for the 0-back condition compared with the healthy control (P=0.006) and BPII groups (P=0.002). There was no significant difference in accuracy for the 0-back condition between the healthy control and BPII groups. Likewise, for the 2-back condition, the schizophrenia group had significantly lower response accuracy compared with the healthy control (P=0.003) and BPII groups (P=0.007), but there was no statistically significant difference between the healthy control and BPII groups.
For the response times, there was a significant difference between groups for the 0-back (F(2,40)= 6.364, P=0.004) and 2-back conditions (F(2,40)= 3.764 P=0.032). The schizophrenia group took significantly longer to respond in the 0-back condition compared with the healthy control (P=0.012) and BPII groups (P=0.010), with no significant difference between the healthy control and BPII groups. In the 2-back condition the schizophrenia group again took significantly longer to respond compared with healthy control group (P=0.049) but this did not reach significance when compared with the BPII group. There was no significant difference between healthy control and BPII group for response times in the 2-back condition.
Correlation Analyses
Results from exploratory analyses examining bivariate correlations are shown in Tables 5 and 6. In terms of correlations with metabolite level changes between total averaged 0-back and 2-back conditions there was a significant moderate negative correlation between change in Glx/TCr and change in accuracy seen in the schizophrenia group and a significant weak positive correlation between change in Glx/TCr and change in response time for all groups combined.
For correlations with metabolite level changes, specifically between averaged third spectra of 0-back and averaged first spectra of 2-back, there was a significant strong negative correlation between change in Glu/TCr and change in response time in the healthy control group. In the BPII group there was a strong positive correlation between change in Glu/TCr and change in accuracy together with negative correlations between changes in Glu/TCr and Glx/TCr, and MADRS score. Across groups there were highly significant negative correlations between changes in Glu/TCr and Glx/TCr, and MADRS score. For all groups combined there were also significant negative correlations between change in Glu/TCr and SAPS/SANS scores.
There were no significant correlations between age and any of the metabolite level change comparisons between 0-back and 2-back conditions in any of the separate or combined groups.
DISCUSSION
A main effect of time for Glx/TCr was observed across the 0-back and 2-back conditions for all the groups. Although there were not any significant differences in Glu/TCr and Glx/TCr between total averaged 0-back and 2-back conditions in any of the groups, a significant increase in Glx/TCr was seen between the end of the 0-back condition and beginning of 2-back condition for all groups combined. The healthy control group specifically showed a significant increase in both Glu/TCr and Glx/TCr for this comparison, while the schizophrenia group showed no significant changes. Although the BPII group did not show significant changes for this comparison either, the averaged time-course pattern was closer to that of healthy controls and the lack of significance may be the result of insufficient power.
The absence of any significant changes in Glu/TCr or Glx/TCr in the schizophrenia group between the 0-back and 2-back conditions supports our hypothesis of an impaired glutamatergic response and is comparable to findings by Taylor et al. (2015a) , where although increased glutamate levels were detected in the dorsal ACC during a Stroop task in healthy controls, no significant change in glutamate was observed in individuals with schizophrenia. These findings are supported by functional MRI studies that have demonstrated ACC deficits in schizophrenia in studies of executive function, including the Nback task (Minzenberg et al., 2009) , with increases in other prefrontal cortex areas that may be compensatory in nature. As such, in schizophrenia, there may be a blunted activation state of the ACC with accompanying failure of glutamatergic modulation and impairments in task performance.
It was interesting to note that across the 0-back condition the schizophrenia group showed a general increase in glutamatergic measures, while the healthy control group showed a reduction, with a significant time by group crossover interaction for Glx/TCr. The schizophrenia group also had significantly lower accuracy and response times for this condition compared with the healthy control group. Taken together, these findings suggest during the 0-back condition, for what should be a period of relatively low executive load, the schizophrenia group found this condition cognitively challenging, with abnormal increases in glutamatergic measures. Furthermore, with increasing task difficulty they did not show the same dynamic modulation of glutamate levels as healthy volunteers. progressive reduction with age in patients with schizophrenia (Marsman et al., 2013) . It is conceivable that an excitotoxic effect may occur as a result from paradoxical increases in glutamatergic activity due to NMDAR hypofunction in the early stages of schizophrenia (Plitman et al., 2014) . The longer-term result of this excitotoxicity would be a state of neurodegeneration with impaired glutamatergic modulation and is a potential explanation for the lack of any significant glutamatergic response between task conditions in the cohort of more chronic patients recruited in this study.
To our knowledge, there are no other 1 H-fMRS studies involving a BPII patient group to date. Only one 1 H-fMRS study has been performed in a group of patients with a mood disorder (MDD), where no significant increases in glutamate were detected during a Stroop Task (Taylor et al., 2015a) and is comparable with our finding of no significant glutamatergic response between the 0-back and 2-back conditions in a BPII group. Furthermore, in our study, depressive symptoms were negatively correlated with changes in Glu/TCr and Glx/TCr between the 0-back condition and 2-back condition (i.e. less depressed subjects had greater increases in glutamatergic concentrations). Together with alterations in glutamate metabolism, the role of inflammation in the pathophysiology in mood disorders is increasingly evident (Dantzer et al., 2008) and may provide explanation for the lack of a glutamatergic response in the BPII group in our study. One interesting hypothesis links the role of inflammation, glutamate and glia in mood disorders (Haroon et al., 2017) .
Inflammation can lead to increased release of glutamate into the extrasynaptic space by reducing the capacity of glial transporters to clear glutamate (McCullumsmith and Sanacora, 2015) . This glutamate excess can activate extrasynaptic NMDARs, resulting in atrophy of dendritic spines, loss of synaptic integrity and neuronal loss (Hardingham and Bading, 2010) .
Furthermore, this extrasynaptic glutamate can stimulate presynaptic metabotropic glutamate receptors (mGluR2/3) with reductions in synaptic glutamate transmission (Duman, 2014) .
The Glu/TCr and Glx/TCr responses observed in the healthy control group (12.6% and 14.7% respectively) are higher than those reported in other block-design 1 H-fMRS studies using the N-back , Stroop Task (Taylor et al., 2015a; Taylor et al., 2015b ) and other paradigms (Bednarik et al., 2015; Lin et al., 2012; Mangia et al., 2007; Schaller et al., 2013; Schaller et al., 2014) , where responses were in the range of 2-4%. The detected amplitude of changes in glutamatergic metabolites was more comparable with the range reported in event-related 1 H-fMRS studies (11-21.5%), where acquisition is time locked to stimulus onset (Apsvalka et al., 2015; Gussew et al., 2010; Lally et al., 2014) . It is important to note for the initial planned comparison between total average 0-back and 2-back condition blocks there were no significant changes in glutamatergic metabolites in any groups. A potential explanation for this is that during prolonged stimulation habituation, adaptation and homeostatic effects might lead to difficulty detecting rapid glutamatergic dynamics (Giove et al., 2003; Mullins, 2018) . A relatively rapid change in glutamate within the dLPFC during an N-back task has been reported with levels significantly higher by 2.7%
during the first 32s and non-significantly higher during the final 32s of a 64s 2-back task block, compared with a resting condition. Our study mirrors this finding with the significant increases in glutamatergic metabolites occurring in the first 16s of 2-back condition compared with preceding last 16s of 0-back condition. This early increase may indicate novelty of task onset and a potential explanation for the larger glutamatergic responses seen in our study is that the higher temporal resolution allowed more of an early glutamate response function to be detected.
An important issue to consider is what the changes detected by 1 H-fMRS signify. Increases in glutamatergic metabolites, in the order of 2-5% over a period of minutes, can be explained by increased metabolic turnover, via a number of pathways including increased glutamate/glutamine cycling through the tricarboxylic acid cycle (TCA) (Rothman et al., 2003) , or increased flux through the malate-aspartate shuttle (MAS) (Mangia et al., 2007; McKenna et al., 2006) . However, if increased glutamate/glutamine cycling would be causal for the increase in glutamate, the Glx level would not show such an increase due to a compensatory decrease in glutamine. It has been argued changes in the order of 12-18%, especially when occurring over a matter of seconds, are too large to be explained by increased metabolic turnover alone (Jelen et al., 2018) . One emerging theory is that of compartmental shifts which proposes that during neural activity glutamate is released from presynaptic vesicles (where metabolite movement is restricted, with a faster T2 relaxation rate) to more MRS visible synaptic, extracellular and astrocytic pools (where metabolite movement is less restricted and has a longer T2) (Mullins, 2018 ). This would imply 1 H-fMRS is not detecting changes in overall glutamatergic concentrations in the specified brain volume, but rather compartmental shifts due to neural activity, as metabolites move from presynaptic vesicles to more visible synaptic, extracellular and astrocytic pools. Although speculative, the significant changes seen in the healthy control group in our study may represent a greater degree of variability and flexibility in glutamatergic neurotransmission, that is not seen in the schizophrenia or BPII groups.
Limitations
This study has a number of limitations. First, are the potential confounding effects of medication together with age and illness-stage of participants. Both antipsychotic and antidepressant medications are known to effect glutamatergic measures (de la FuenteSandoval et al., 2013; Sanacora et al., 2012) and as a result could have altered baseline and glutamate responses in the N-back task. Likewise, age and illness-stage were not specifically controlled for in groups, both of which are factors that have been reported to effect glutamatergic measures (Marsman et al., 2013; Ohrmann et al., 2005; Stone et al., 2009; Theberge et al., 2003) . However, post-hoc correlation analyses did not reveal any significant relationship with age and any changes in glutamatergic measures between the 0-back and 2-back conditions in any of the separate or combined groups.
The acquired MRS signals were corrected for TCr but not for tissue type and T2 relaxation differences. Although this would not affect the relative changes in the measured metabolites within individuals, tissue segmentation analysis revealed significantly lower grey matter proportion in the schizophrenia group compared with healthy controls and as such differences in groups could potentially be influenced by differences in grey matter volume.
A further limitation was that the paradigm used in this study did not include a resting baseline condition. The number of errors seen in the schizophrenia group for the 0-back condition suggests this was challenging for some participants and glutamatergic measures may have already increased from a resting condition level, preventing changes between the 0-back and 2-back conditions from being detected. Recent work has noted the importance of the 'non-task-active' behavioural paradigm in 1 H-fMRS studies and suggests a continuous visual fixation cross exhibits less variability and lower levels of glutamate and therefore providing a better approximation of baseline state than other behavioural paradigms including eyes closed, flashing checkerboard or finger tapping (Lynn et al., 2018 ). An alternative explanation for the worse performance in the schizophrenia group that should also be considered is that of aberrant salience (Kapur, 2003) , whereby these patients may be more likely to be inappropriately processing stimuli in their environment that would normally be considered irrelevant, and as a result might be less able/or willing to engage with and focus attention to the task in question.
Finally, another significant limitation of this study is the field strength of 3T. Although spectral resolution is considered reasonably high at 3T, our 1 H-fMRS technique was unable to reliably differentiate glutamate and glutamine. In addition, a number of spectra had to be excluded due to CRMVB values >20%, for the Glu/TCr rmANOVA analysis in particular, with subsequent reduction in power.
Conclusion
This 1 H-fMRS study has demonstrated significant dynamic changes in glutamatergic measures in the ACC during alternating conditions of the N-back task at 3T in a healthy control group but not in schizophrenia or BPII groups. The lack of any significant dynamic changes in the schizophrenia and BPII groups may reflect a dysfunction of glutamatergic neurotransmission. Future 1 H-fMRS work at higher field strengths where both glutamate and glutamine can be reliably measured should investigate glutamatergic dynamics in schizophrenia and mood disorders, at various stages of illness progression in further detail.
Such work might help in terms of stratifying patients to specific therapies, predicting functional outcome, or even be a potential aid in further developing novel treatment strategies that act to normalize impairments in glutamatergic neurotransmission in psychiatric disorders. The alternating N-back conditions each lasted 48s each, with 18 blocks in total (0-b; 0-back; 1-b; 1back, 2-b; 2-back; 3-b; 3-back). During each 48s block three spectra were acquired (One every 16s, NEX=8). Instructions were presented at the beginning of each block for 3000ms, 18 sequential letters were presented for 1000ms with 1500ms between subsequent letters and participants were allowed 1900ms to record their response. 
